The effect of iodoacetate (lAA), an inhibitor of glycolysis, on local CBF (LCBF) and local CMRglu (LCMRglu) was studied in cats by means of a double radio nuclide autoradiographic method. Artificial CSF containing 5 mM IAA was superfused on the left parietal cortex under a cranial window for 30 min. [14Cj2-Deoxy glucose and [l23Ijiodoantipyrine were injected for the de termination of LCMRglu and LCBF, respectively. A
It has been generally assumed that the regulation of the cerebral circulation is at least in part me diated by a product of cerebral metabolism, and that the CBF is adjusted to local cerebral metabo lism and functional activity (Roy and Sherrington, 1890; Sokoloff, 1981) . Autoradiographic techniques for the measurement of local CBF (LCBF) and local CMRglu (LCMRglu) in the macroscopic structures of brain have been developed (Reivich et al., 1969; Sokoloff et al., 1977; Sakurada et al., 1978) . The application of these techniques has clearly demon strated the close coupling between LCBF, LCMRglu, and local functional activity under normal physiological conditions (Reivich, 1974; Kennedy et al., 1976; Greenberg et al., 1979; Shi nohara et al., 1979; Jones et al., 1981) .
Despite these results, however, the exact mech anism responsible for the coupling of these func tions still remains unclear (Sokoloff, 1981) . Al-marked increase in LCBF, accompanied by a moderate to severe depression of LCMRglu, was observed in the IAA-superfused cortex. This result suggests that LCBF may be closely regulated by the cellular energy state as sociated with glycolytic activity in brain tissue. Key Words: Cerebral blood flow-Cerebral glucose metab olism -Double-label autoradiography -Flow-metabo lism couple-Glycolysis-Iodoacetate. though many humoral factors such as H + , K + , lac tate, and adenosine have been proposed to be metabolic factors for the regulation of CBF (Purves, 1972) , there may exist other unknown metabolic factors in this regulation. For instance, severe hy poglycemia induced in rats was reported to increase LCBF up to 400-500% of control along with a sig nificant depression in LCMRglu and electrocortical activity Nilsson et al., 1981) . This in crease in CBF cannot be attributed to the well known vasoacting humoral factors described above (Nilsson et al., 1981) , suggesting that metabolic per turbation associated with substrate deficiency may lead to vasodilatation in the brain. lodoacetate (lAA) is an inhibitor of glycolysis that inactivates the enzyme phosphoglyceralde hyde-3-phosphate dehydrogenase (3-PGDH) and thereby decreases the production of pyruvate and lactate (Heald, 195 3; Webb, 1966) . The present study examines the effect of cortical superfusion of IAA on LCBF and LCMRglu in cats by means of a double-radionuclide auto radiographic method . To confirm the metabolic effects of IAA superfusion, cortical ATP and lactate levels were also examined. The hypothesis of this study is that the cerebral circulation can be regulated via a mechanism that is closely associated with glyco lytic activity. Superfusion of 5 mM IAA produced a marked increase in the cortical LCBF while LCMRglu in the same region was considerably de pressed, suggesting that metabolic activity closely associated with glycolysis in the brain tissue may play a crucial role in the regulation of the local ce rebral circulation.
METHODS

Double-label LCBF and
LCMRglu studies were carried out in five male cats weighing 2.5-3.5 kg. The animals were anesthetized with 40-50 mg/kg of a-D-glucochloral ose (Sigma), immobilized by gallamine triethiodide (American Cyanamid), and ventilated with a Harvard res pirator. Blood gases were measured at intervals using a Radiometer blood gas analyzer (BMS3 MK2). Arterial Peo 2 and P0 2 were maintained between 29 and 33 and between 100 and 110 mm Hg, respectively, by adjusting the respiratory rate and volume. Arterial pH was main tained between 7.35-7.40. The trachea and the femoral arteries and veins were cannulated. Arterial blood pres sure and end-tidal CO? concentration were continuously recorded on a multipen recorder (Hewlett Packard).
The heads of the animals were mounted in a stereotaxic apparatus (Kopf). After the skin and muscle were re moved from both sides of the skull, a 12-mm-diameter hole was trefined in the left parietal bone, and the dura was carefully opened. A cranial window equipped with tubes for superfusion and a pair of small silver plates for bipolar electrocorticogram (ECoG) were then implanted into the cranial hole, as described previously (Dora and Kovach, 1983; Dora, 1984) .
Sodium iodoacetate (Sigma) was dissolved in the arti ficial CSF (mock CSF) of Wahl and Kuschinsky (1976) . The details of the superfusion technique have been de scribed previously (Dora and Kovach, 1983) . Briefly, 5% CO 2 in air was bubbled through the mock CSF, and its temperature was maintained thermostatistically at 37°C.
The pH of the mock CSF (7.20-7.25) was not altered by IAA.
After a control ECoG recording, the brain cortex under the cranial window was superfused with mock CSF con taining 5 mM IAA in four animals for 30 min. In one additional animal, a sham study was performed in which the procedures of the study were identical to those of the IAA superfusion study. except for the superfusion of mock CSF without 1AA. At 15 min after the start of IAA superfusion, a bolus injection of [14C]2-deoxyglucose ([14C]2DG) (250 fLCi, specific activity 100 mCi/mmol; New England Nuclear) was given intravenously for the determination of LCMRglu (Sokoloff et aI., 1977) . Arte rial blood samples were drawn during the next 30 min, initially at 15-to 30-s intervals and later at 1-to 10-min intervals. Plasma aliquots of these samples were assayed for 14C concentration by using a liquid scintillation counter (Packard) to define the time course of arterial plasma [14C]2DG concentration. Larger samples were taken at lO-min intervals for the determination of arterial plasma glucose levels with a glucose analyzer (Beckman).
At 30 (Reivich et aI., 1969; Sakurada et aI., 1978) . The 1231 activity in these samples was mea sured with an automatic gamma-counter (Beckman). The cats were decapitated at the end of the [123I]IAP infusion, and the brains were quickly removed and frozen in Freon-22 (DuPont).
Double-radionuclide autoradiograms were prepared as previously described (Lear et aI., 1981) . In brief, within 3-4 h after the study, 20-fLm-thick sections were cut from the frozen brain in a cryostat (American Optical) kept at -20°C. The sections were then placed on x-ray film (SB-5; Kodak). Thirteen hours later, the brain sections were removed from the film, and then a week later, these sec tions along with 14C standards were placed again on a fresh section of the film for 7 days. Since the half-life of 1231 is 13.3 h, and the injected 1231 to 14C concentration ratio was chosen to be high, 90% of the first exposure was due to 1231. Ninety percent of the second exposure was due to 14C, since there is a small contribution (10%) due to 1251, which is produced as a radionuclide impurity during 1231 production. This impurity was accurately quantitated by adding 1231 from the batch used for each study to the homogenized brain, preparing 20-fLm section and measuring the exposures on the sequential tissue au toradiographs.
The images were scanned on a rotating drum micro densitometer (Optronics) with an aperture of 200 fLm and aligned in a computer (Digital Equipment 11134) with the aid of an image analyzer (Grinnell Instruments). Fol lowing alignment of the two images obtained during the first and second exposures of a brain section, they were properly weighted according to the amount of cross con tamination and subtracted so as to produce images that were a function of [1231]IAP and [14C]2DG tissue concen tration, respectively. Regions of interest were drawn on the scanned image using a stylus pen and a digitizing pad. Average LCBF and 1CMRglu values in particular anatom ical structures were calculated by the operational equa tions of Sakurada et al. (1978) and Sokoloff et al. (1977) as modified for a changing plasma glucose level by Savaki et al. (1980) . Each anatomical structure was identified in at least three sections to minimize errors due to variations in section thickness. In five similarly prepared animals, cortical ATP and lactate levels were assayed. After 30 min of IAA super fusion, the brains were frozen in situ with liquid nitrogen according to the method of Welsh and Rieder (1978) . For quantitative assay of tissue ATP and lactate, samples were removed from the upper I-mm layer of the 1AA superfused and -nonsuperfused parietal brain cortices. Tissue samples of � 2-5 mg were removed in a -30°C glove box with a small cork borer (Welsh et aI., 1982) . Tissue metabolites were measured according to Lowry and Passonneau (1972) .
RESULTS AND DISCUSSION
Arterial blood pressure, blood gases, pH, and ar terial plasma glucose were maintained at normal levels in all the anmals throughout the study (see Ta ble 1). ECoG amplitude, recorded from the su perfused region, showed a progressive decline after the first 5 min of IAA superfusion, and remained 115.0 (6.7) 31.0 (0.9) 104.6 (2.6) 7.37 (0.01) 139.8 (9.9) depressed to 27.7 ± 3.4% of the control value until the end of the study. Figure 1 demonstrates the computer-recon structed images of CBF and CMRglu from the dig itized autoradiographic images at the level of the caudate nucleus. At the top is the CBF image de rived from the [123I]IAP distribution, whereas at the bottom is the CMRglu image derived from the [14C]2DG distribution. The left parietal cortical re gion where IAA was locally superfused exhibited a marked increase in LCBF, while LCMRglu in the same region was depressed. In other regions, in cluding the deep structures, neither LCBF nor LCMRglu showed statistically significant changes even though there existed some degree of asym metry.
The autoradiographs of the other three animals exposed to the IAA superfusion showed similar changes in LCBF and LCMRglu in the left parietal cortex to those noted in Fig I. However, no such changes were observed in the sham-operated an imal. Figure 2 shows the average values of LCBF and LCMRglu of IAA-superfused animals at the level of the caudate nucleus. The value in each anatom ical structure is expressed as a percentage of the average value of the whole section. The mean ab solute values of LCBF (ml 100 g -I min -I) and LCMRglu (f.lmol 100 g -I min -I) are shown at the end of each bar. As evident in the figure, the left anterior lateral gyrus (lateral part) and the left an terior suprasylvian gyrus (medial part) where IAA was locally superfused exhibited a remarkable in crease in LCBF, while LCMRglu was considerably decreased. These changes were clearly localized to the superfused region, and statistically significant (p < 0.000 when the values of these regions were compared with those of the homologous structures by the use of one-way analysis of variance and mod ified t test.
No significant changes in LCBF and LCMRglu were observed in either the more anterior or pos terior sections of the brain. A sham-operated animal showed similar values of LCBF and LCMRglu to J Cereb Blood Flow Metabol, Vol. 5. No.2, 1985 FIG. 1. Computer reconstructions of CBF and CMRglu from digitized autoradiographic images from a double-radionu clide study in an iodoacetate (IAA)-superfused cat, taken at the caudate level. These images depict CBF (ml 100 g-1 min-1) and CMRglu (fLmo1 100 g-1 min-1) in the same brain section. The white spots in the white matter areas of both images are artifacts due to computer subtraction and do not represent high CBF or CMRglu values. The upper picture is the CBF image derived from the [1231]iodoantipyrine distri bution, and the lower picture is the CMRglu image derived from the [14C]2-deoxyglucose distribution. The left side of the brain is to the viewer's left. The arrows point to the regions in the left parietal cortex that were superfused with IAA. Note the marked increase in local CBF that corresponds to the decrease in local CMRglu in the same region. those in Fig. 2 , except in the superfused region where no significant changes were noted.
A depression of ATP and lactate was noted in the IAA-superfused cortex. Ta ble 2 summarizes the sta tistically significant depression of ATP and lactate to 45 and 32%, respectively, of the levels measured in the parietal cortex on the opposite side. Tissue samples for the assay were removed from the outer I mm of the cortex. This area corresponds to the area affected by the 5 mM IAA superfusion as dem onstrated from the LCBF and LCMRglu images. Therefore, these changes in ATP and lactate levels can be compared with changes in LCBF and LCMRglu observed during the IAA superfusion.
The above results clearly indicate that IAA su perfusion induced a remarkable vasodilatation in the cortex where IAA was applied, whereas glucose metabolism was considerably depressed owing to the inhibition of glycolysis by IAA in the same re gion. In line with the present results, an increase in cerebrocortical vascular volume in brain cortex su perfused with 0. 5 mM IAA was observed previously by using the tluororetlectometric technique (Dora, 1983) . This vasodilatatory effect of IAA cannot be explained by any potential acidosis due to the su perfusate or a nonspecific vasodilatory effect of IAA anions on the cerebrocortical vessels, since IAA did not alter the pH of the mock CSF. Fur thermore, in our previous study (Dora and Kovach, 1984) , superfusion of the brain cortex with 12 mM sodium acetate did not result in vasodilatation.
To da (1984) recently reported that in an in vitro study IAA induced constriction, not dilatation, of isolated mammalian cerebral arteries. The discrep ancy in the effect of IAA on the cerebral vessels between To da's in vitro study and the present in situ study strongly indicates that the hyperfusion noted in the present study was not due to the direct effect of IAA on the vascular smooth muscle, but most likely to its metabolic effect on the brain pa renchyma surrounding the vasculature. IAA in hibits the activity of 3-PGDH in the glycolytic pathway and hence reduces lactate production and oxygen consumption (Heald, 195 3; Webb, 1966) , so that lactate accumulation or increased metabolic re quirements cannot be responsible for the hyperfu sion observed in the present study. Likewise, K + does not seem to have contributed to the vasodi latation in the present study since, according to Sick et al. (1982) , superfusion of the brain cortex with IAA does not increase cortical extracellular K + concentration. Nuutinen et al. (1982) specu lated that the cellular energy level represented by the cytosolic phosphorylation potential ([ATP]! [ADP][PJ) may be a major regulator of coronary blood flow in the heart. IAA is known to deplete cellular ATP by interfering with tissue glycolytic ac tivity (Webb, 1966) and, in fact, we found that both ATP and lactate levels were depressed in the brain region superfused with 5 mM IAA. These data sug gest that CBF may be closely regulated by the cel lular energy level in brain parenchyma, in a manner similar to that in the coronary circulation. How ever, further studies are necessary to elucidate the exact mechanism or mediator that couples tlow and metabolism in the brain.
